I
n the past few years, evidence has accumulated suggesting that nitric oxide (NO), a potent endothelial-derived vasodilator, might be implicated in gestational vasodilation. 1, 2 NO is synthesized from the amino acid L-arginine by a family of enzymes, the NO synthases (NOS). 3 While human placenta does not form inducible NOS (iNOS) or neuronal NOS (nNOS) mRNAs and proteins, 1 the endothelial isoform of NOS (ecNOS) is actually detectable in healthy placenta and is localized to the endothelium of the umbilical cord, chorionic plate, and stem villous vessels. 1 Conceivably, locally formed NO serves to maintain low vascular resistance besides attenuating the action of vasoconstrictors. 1 Besides, ecNOS is localized in villous cytotrophoblasts, 1,4 the specialized epithelial cells that aggregate into cell columns and invade the uterine interstitium and vasculature, anchoring the fetus to the mother and establishing blood flow to the placenta. 5 By virtue of its unique angiogenic/vasculogenic properties, 6, 7 locally generated NO may be instrumental to promote this cytotrophoblast endovascular invasion that is an essential feature of normal placentation, 5 although whether extravillous invading trophoblasts express ecNOS is still a controversial issue. 8, 9 Unlike in normal pregnancy, in preeclampsia the cytotrophoblast fails to adopt a vascular adhesion phenotype, 10 which compromises the supply of blood flow to the maternalfetal interface. It has been hypothesized that a reduced formation of NO could account for abnormal placental perfusion in preeclampsia. 1, 11 Most data indicate that preeclamptic placenta has a normal capacity to synthesize ecNOS as compared with normal placenta and the formation of NO is also comparable in preeclamptic and in normal placenta. 1, 2 However, one study 12 found that inhibiting NO synthesis raised the perfusion pressure of isolated human cotyledon preparations from normal pregnant women, but not from preeclamptic women. Moreover, in preeclampsia the concentration of the NO second messenger, cGMP, in the placental circulation was lower than normal. 1, 13 Thus, pre-eclampsia is a condition of normal placental expression of ecNOS and normal generation of NO, whose activity, however, is abnormally reduced. This apparent inconsistency can be reconciled considering that the relative activity of NO in a given organ/tissue depends on the rates of synthesis and degradation. Beside NO, NOS enzymes also generate superoxide anion (O 2 Ϫ ) and the rate of NO versus O 2 Ϫ formation and disposal is closely regulated by intracellular levels of L-arginine, tetrahydrobiopterin, and superoxide dismutase (SOD). 14 -16 NO, by interacting with O 2 Ϫ , forms peroxynitrite, a cytotoxic anion that inhibits mitochondrial electron transport, oxidizes proteins, initiates lipid peroxidation, and nitrates aromatic amino acids. 17 Markers of oxidative stress are increased in placenta 18 of women with preeclampsia and nitrotyrosine staining, a marker of peroxynitrite, has been found in the preeclamptic placenta. 18, 19 The present study was designed: (1) to test whether lower placental NO bioavailability of preeclampsia is caused more by increased NO degradation to peroxynitrite than to low ecNOS expression or activity and (2) to investigate whether excessive peroxynitrite formation is related to a low bioavailability of the NO precursor L-arginine and to find out the biochemical determinants of that.
Methods

Patients
Pregnant women (normotensive pregnancy, NP: nϭ13; preeclampsia: nϭ11) were recruited among those referred to the Obstetrics and Gynecology Division of the Ospedale San Gerardo in Monza. Healthy age-matched nonpregnant women (nϭ6) served as controls. The Institutional Review Committee approved the study and all participants gave informed consent to the study. Criteria for defining NP were: no history of hypertension, diastolic blood pressure (BP) Ͻ90 mm Hg, systolic BP Յ140 mm Hg, and no significant proteinuria. Four women underwent premature delivery for ruptured membranes (nϭ2), oligohydramnios (nϭ1), and fetal distress (nϭ1). According to previously published criteria, 20 preeclampsia was diagnosed as increase in diastolic BP of 15 mm Hg and systolic BP of 30 mm Hg at two measurements at least 4 hours apart compared with BP obtained before 20 weeks of gestation, proteinuria Ͼ0.3 g/24 hours in the absence of urinary tract infection, return to normal BP, resolution of proteinuria by 12 weeks postpartum, and edema. One preeclamptic pregnancy was complicated by the HELLP syndrome and two were complicated by intrauterine growth restriction (IUGR). The patients' clinical characteristics are summarized in Table 1 .
Tissue Collection and Histology
For placenta tissue collection, see the online data supplement available at http://www.hypertensionaha.org.
Placenta pathology score was graded according to the presence (in at least 30% of the tissue) of each of the following abnormalities: intervillous thrombosis, subchorionic thrombosis, infarcts, chronic hypoxia, and intima hyperplasia, according to the guidelines of the College of American Pathologists (Table 1) . 21 
NADPH-Diaphorase, Immunoperoxidase, and Western Blotting
NADPH-diaphorase reaction was performed on 7-m thick frozen sections, as described. 22 Immunoperoxidase for ecNOS, nitrotyrosine, HNE-lysine, and arginase was performed on 3-m paraffin sections. 22 Western blot analysis for arginase II was performed in placenta homogenates. An expanded Methods section can be found in online data supplement available at http://www.hypertensionaha.org.
NOS Activity and L-arginine Levels in Placenta Tissue
Homogenates of total placentas or of villous and decidua tissues from NP (nϭ9) and preeclamptic women (nϭ6) were used to evaluate NOS activity and L-arginine levels, respectively (see online data supplement available at http://www.hypertensionaha.org).
Conjugated Dienes
Total lipids extracted from frozen tissues were resuspended in cyclohexane and the absorbance read at 233 nm. Plasma was obtained from maternal (antecubital vein) and fetal blood (umbilical vein) collected on heparin and was stored at Ϫ80°C until assayed. Women fasted at least 8 hours before blood collection.
In preliminary experiments, we found that in this condition, the interference of dietary intake to NO 2 Ϫ /NO 3 Ϫ plasma levels is negligible (not shown). Plasma L-arginine was measured by HPLC. 24 
NO 2
Ϫ /NO 3 Ϫ plasma levels were measured as reported in online data supplement http://hypertensionaha.org.
Real-Time Quantitative RT-PCR
To analyze gene expression of the cationic amino acid transporters CAT-1, 25 4F2hc, 25 LAT-1, 25 and arginase II, 26 and of the housekeep- 
Statistical Analysis
Results are meansϮSEM. Groups were compared by 1-way ANOVA using the StatView 4.01 software. Linear regression analysis was used to correlate immunoperoxidase and mRNA expression data with clinical and experimental parameters. The Spearman Rank test was used to correlate immunoperoxidase data with the placenta pathology score and Apgar score. The statistical level of significance of the two-tailed test was defined as PϽ0.05.
Results
Placental NADPH-Diaphorase Staining, NOS Activity, and ecNOS Expression and Localization Are Comparable in NP and in Preeclampsia
Comparable diaphorase staining, NOS activity, and ecNOS expression were seen in placentas from NP and preeclampsia (online Figure I and Table 2 ). Detailed results and online Figure I are in online data supplement available at http://www.hypertensionaha.org.
Exuberant Peroxynitrite Formation in Preeclampsia
Nitrotyrosine staining was absent or very faint in villi and decidua vessels of placentas from NP ( Figure 1A , B), whereas it was intense in preeclamptic villous tissue, mainly localized in the syncytiotrophoblast ( Figure 1C and Table 2 ). The endothelium of villous vessels also showed moderate nitrotyrosine staining. A faint nitrotyrosine staining was also seen in the vessels of the decidua in preeclamptic placenta ( Figure 1D and Table 2 ), whereas no staining was found in the cells of the stroma. Nitrotyrosine and ecNOS staining colocalized in preeclamptic villi ( Figure 1E , F), indicating that peroxynitrite was formed within the very cells that synthesized NO. Moderate specific ecNOS staining was also found in villous vascular endothelium ( Figure 1G ). No signal was found in negative control ( Figure 1H ). The mean gestational age of NP was significantly greater than in the preeclamptic group. However, we noted no differences in nitrotyrosine staining in placental tissue with differing gestational age in either group. The intensity of nitrotyrosine staining in pre-term NP (nϭ4) was not different from NP at term (nϭ9) (syncytiotrophoblast: 0.55Ϯ0.29 versus 0.28Ϯ0.10; endothelium of villi: 0.38Ϯ0.38 versus 0.16Ϯ0.10), but was significantly weaker (PϽ0.05) than in preeclamptic villi. An inverse correlation was found between nitrotyrosine staining in the syncytiotrophoblast and birth weight (rϭϪ0.63, Pϭ0.01) and Apgar score (ϭϪ0.47, PϽ0.05), whereas a positive correlation was found between nitrotyrosine and placenta pathology score (ϭ0.48, PϽ0.05).
Excess Lipid Peroxidation in the Preeclamptic Placenta
As compared with NP, a larger amount of conjugated dienes was extracted from preeclamptic villi (NP: 24Ϯ1; preeclampsia: 47Ϯ3 pmol/g phospholipid; PϽ0.0001) and umbilical cord tissue (NP: 263Ϯ27; preeclampsia: 497Ϯ54 pmol/g phospholipid; PϽ0.001). Dienes concentration in preeclamptic deciduas was also increased, although to a lesser degree (NP: 22Ϯ2; preeclampsia: 36Ϯ4 pmol/g phospholipid; PϽ0.05). Within the NP group, the amount of conjugated dienes was comparable for preterm and for term pregnancies, indicating that placental lipid peroxidation does not depend on the week of gestation.
4-HNE-lysine staining, a marker of cell oxidative stress, 27 was mostly faint in the syncytiotrophoblast and villous vessels ( Figure 2A ) as well as in the endothelium of NP decidua vessels ( Figure 2B ). A higher 4-HNE-lysine staining intensity was found in the syncytiotrophoblast and in endothelial cells of preeclamptic villous vessels than in NP villi ( Figure 2C , Table 2 ). Moderate staining was also focally found on preeclamptic decidua vessels ( Figure 2D and Table  2 ). 4-HNE-lysine and nitrotyrosine staining showed the same cell localization ( Figure 2E and F), and the intensity of 4-HNE-lysine staining in the syncytiotrophoblast (rϭ0.79, PϽ0.0001) and in villous endothelium (rϭ0.64, PϽ0.005) correlated with the intensity of nitrotyrosine staining, confirming the association between lipid peroxidation and peroxynitrite formation. No signal was found in negative control ( Figure 2G ). Immunostaining for CuZn-SOD showed no differences in intensity and localization in either villous tissue or decidua vessels between NP and preeclamptic placentas ( Table 2) .
Fetal-Maternal Gradient of L-arginine and NO 2
؊ /NO 3 
؊ Is Lost in Preeclampsia
In line with previous data, 28 the mean concentration of L-arginine in maternal blood from NP was significantly lower than in nonpregnant women ( Figure 3A) . The same was true in preeclampsia ( Figure 3A) . No significant differences were observed in maternal plasma L-arginine in NP and preeclampsia ( Figure 3A ). In NP, L-arginine was significantly higher in fetal than in maternal blood ( Figure 3A) , which is in line with the existence of an active placental L-arginine transport from the mother to the fetus. 25 By contrast, in preeclampsia, fetal L-arginine concentrations were almost identical to those in maternal blood ( Figure 3A ) and significantly lower than NP ( Figure 3A) . As previously reported, 28 we found no correlation between maternal (rϭ0.03, Pϭ0.93) or fetal (rϭ0.16, Pϭ0.6) L-arginine concentrations and gestational age, thus excluding that the lower fetal L-arginine in preeclampsia depends on shorter gestation. Consistent with L-arginine data, in NP the concentration of the NO metabolites, NO 2 Ϫ /NO 3 Ϫ , in the fetal blood was significantly higher than in the maternal blood ( Figure 3B ). In preeclampsia, NO 2 Ϫ /NO 3 Ϫ concentration in maternal blood was normal whereas levels in fetal blood were significantly (PϽ0.05) lower than in NP ( Figure 3B ). An inverse correlation was found between fetal blood L-arginine concentration and the intensity of nitrotyrosine staining in the syncytiotrophoblast (framed panel at upper right of Figure 3A ) and in the endothelium of villous vessels (rϭϪ0.6, PϽ0.05).
Expression of Cationic Amino Acid Transporters Is Not Reduced in Preeclamptic Placenta
To search for the possible causes of loss of fetal-maternal L-arginine and NO 2 Ϫ /NO 3 Ϫ gradients in preeclampsia, we evaluated gene expression of two cationic amino acid transporters highly expressed in human placenta, CAT-1 (yϩsystem transporter) 25 and 4F2hc and LAT-1 (the 2 subunits of the yϩL system transporter). 25 As shown in Figure  4A , CAT-1 expression in villous tissue was higher in preeclampsia than in NP. Expression of CAT-1 in decidua and of 4F2hc and LAT-1 ( Figure 4A , 4B) in villous tissue and decidua was comparable in NP and in preeclampsia.
Excess Expression of Arginase II in Preeclamptic Placenta
We then looked for placental expression of arginase II-the extrahepatic isoform of arginase that degrades arginine into ornithine and urea. 26 Real-time RT-PCR analysis of villous tissue specimens showed a higher expression of arginase II in preeclampsia than in NP, whereas arginase II expression in decidua tissue was comparable in the two groups ( Figure 5A ). Figure 5B , Table 2 ). An intense arginase II staining was instead found in the syncytiotrophoblast and in endothelial cells of villous vessels of preeclamptic placenta ( Figure 5C , Table 2 ). A moderate staining was also focally found in preeclamptic decidua vessels (Table 2) ; however, mean values were not significantly different from those recorded in NP. No signal was found in negative control ( Figure 5D ). Consistent with immunostaining results, Western blot analysis of placenta homogenates showed a faint immunoreactive band at 39 kDa in NP whereas a strong band was found in preeclampsia ( Figure 5E ). To verify whether increased arginase II in the preeclamptic placenta limits L-arginine availability, L-arginine tissue levels were evaluated. As shown in Figure 5F , L-arginine levels in preeclamptic villi were lower (PϽ0.05) than levels in villi from NP, whereas L-arginine levels in the decidua were comparable in the two groups.
Discussion
An excess formation of peroxynitrite was found in preeclamptic placentas, despite the fact that ecNOS was expressed at comparable extent in NP and in preeclampsia, confirming previously reported data. 19 That this can be taken to reflect an excess lipid peroxidation and oxidation of structural proteins and enzymes in preeclampsia is consistent with other findings that conjugated dienes and 4-HNE-lysine adducts were detected in large amounts in preeclamptic villous tissue but not in normal placenta. To clarify the nature of the excess peroxynitrite in preeclamptic placenta, we first studied the tissue content of SOD, a major oxidant scavenger in human placenta; however, experimental findings excluded a role for a SOD deficiency in the observed phenomenon (see present data). 29 However, the finding that nitrotyrosine and 4-HNE-lysine staining closely co-localized with ecNOS suggests the possibility that peroxynitrite is generated by NOS. This can occur in cells and tissues in conditions of low L-arginine availability. 14 -16,30 Whereas cells cultured with adequate concentrations of L-arginine only formed NO from NO synthase, cells depleted of L-arginine generated both NO and O 2 Ϫ , which then reacted to form peroxynitrite, as shown by the strong nitrotyrosine immunostaining in L-argininedepleted cells. 14 The formation of both O 2 Ϫ and nitrotyrosine was virtually abolished by the specific NO synthase blocker, N-nitro-L-arginine-methylester (L-NMMA), confirming that NOS was actually the source of these toxic oxidants. 14 Pertinent to the matter are data 31 that in endothelial cells, ecNOS and the arginine transporter CAT-1 form a complex that localizes in plasma membrane caveolae, confirming the importance of adequate L-arginine delivery to ecNOS for NO synthesis.
The relevance of this biochemical pathway to the pathogenesis of preeclampsia rests on present and previous 28 findings that in NP the L-arginine concentration is higher in fetal than in maternal blood and that the fetal-maternal L-arginine gradient was completely lost in preeclampsia. This abnormality was not because of a defect in L-arginine transporters within the syncytiotrophoblast 25 because expres- sion of yϩ and yϩL system cationic transporters was normal or even increased in preeclamptic placenta. Based on the observation that L-arginine levels in preeclamptic villi were lower than in NP villi, we then addressed the possibility that L-arginine deficiency was caused by consumption of the amino acid in the preeclamptic villous tissue by arginase II, the extrahepatic isoform of arginase expressed in human placenta. 26 Both arginase and NOS use arginine as common substrate and arginase inhibits NO synthesis by reducing arginine bioavailability. Transfection of endothelial cells with arginase II increased L-arginine consumption and reduced NO synthesis 26 and in vivo administration of arginase to experimental animals significantly depleted plasma L-arginine. 32 Arginase II mRNA expression was more than 4-fold higher in preeclamptic than in NP villous tissue; also, protein expression was increased, as documented by immunostaining and Western blot data. In addition, levels of arginase II mRNA in villous tissue inversely correlated with fetal L-arginine concentration. We hypothesize that in preeclamptic placenta, higher than normal expression of arginase II causes less L-arginine available for ecNOS in trophoblast cells and in the villous endothelium, which can lead to the aberrant catalytic activity described, giving a rapid NO degradation by reactive oxygen species. This possibility is also supported by finding in our patients that the intensity of nitrotyrosine and 4-HNE-lysine staining in villous tissue and fetal L-arginine concentration were inversely correlated. Deficiency in tetrahydrobiopterin (BH 4 ) can also poise ecNOS toward producing superoxide anion; 33 however, levels of BH 4 were found to be normal in preeclamptic placentas. 33 Further investigation is required to clarify the mechanism responsible for arginase II upregulation in preeclampsia. Testosterone could be a possible candidate mediator of the aforementioned phenomenon. Indeed in studies in female rats and mice, testosterone stimulates arginase activity and patients with preeclampsia have been shown to have higher levels of testosterone than NP women. 11 Previous reports 1 of higher resistance in the fetal-placental circulation in the preeclamptic placenta are consistent with the reduced placental NO availability we observed, because NO is a potent vasodilator in the vascular district. 1 In addition, there is evidence of a major role for NO as an angiogenic and vascular remodelling factor. 6 -9 Exposure of human endothelial cells to NO donors leads to a dosedependent increase in endothelial cell migration and differentiation, 34 and NO is a mediator of growth factor-induced angiogenesis. 6, 34, 35 That NO may be instrumental to endovascular invasion and vessel remodeling of developing placenta is suggested by a number of experimental findings. First, NO release is coupled to VEGF and hepatocyte growth factor (HGF)-induced trophoblast invasion and motility. 36, 37 Second, in trophoblast cells, NO upregulates the expression and the activity of the matrix-degrading proteases MMP-2 and MMP-9, which are required for invasion during embryo implantation. 38 Finally, NO causes dilation of the uteroplacental arteries, which is another prerequisite for trophoblast invasion and remodeling of the endothelium. 1 It is tempting to speculate that low NO availability could contribute to impaired cytotrophoblast invasion in preeclampsia, a hypothesis that should be formally tested in developing placenta obtained before 20 weeks of gestation. However, the present study, as most previously published reports on preeclamptic placentas 10, 18, 19 have been necessarily performed at the time of disease onset, usually in the third trimester of pregnancy, represents a limitation that cannot be easily overcome.
In conclusion, our findings indicate that normal placenta with enough tissue L-arginine sustains adequate generation of NO by ecNOS. By contrast, in preeclampsia, when the placental L-arginine concentration is low because of excessive arginase II expression, activation of ecNOS leads to excessively high generation of superoxide anion, which reduces NO half-life by forming peroxynitrite. This may promote microvascular oxidative damage and favor abnormal placenta perfusion.
Perspectives
The present findings provide a rationale for clinical trials with L-arginine or antioxidant supplementation 39 that, either by providing more substrate to ecNOS or by lowering the rate of NO degradation to peroxynitrite, could help prevent this disease, which remains one of the leading causes of maternal and fetal morbidity and mortality. with preeclampsia) or during cesarian delivery (8 with NP, 10 with preeclampsia).
Tissue blocks were taken from the fetal and maternal surfaces of the placenta to include umbilical cord, chorionic villi (stem and terminal villi) and decidua. Some blocks were snap-frozen in liquid nitrogen and stored at -80°C for NADPH diaphorase, conjugated diene, Western blot and real-time RT-PCR assays, NOS activity, L-arginine levels, others were fixed with 10% formalin and paraffin-embedded for immunoperoxidase and conventional histological examination.
For NADPH diaphorase staining, sections were counterstained with methyl green.
Negative controls were run without NADPH or in the presence of the NO synthesis inhibitor DPI, 1 reactivity was totally NADPH-dependent and was abolished by DPI. Two pathologists blinded to the nature of the experimental groups assigned the scores, and the mean of the two assessments was calculated.
Western blot
For Western blotting analysis the frozen placental tissues were pulvarizated and resuspended in 1 mL lysis buffer (50 mmol/L *-glicerolphosphate, 2 mmol/L MgCl 2 , 1 mmol/L EGTA, 0.5% Triton X-100, 0.5% NP-40, 1 mmol/L DTT, 100 mL protease inhibitor cocktail) and sonicated.
The whole lysate was stored at -80°C. Protein concentration was determined by using 
NOS activity in placenta tissue
Placental tissue (3-4 g) for NOS activity was finely minced and homogenized in buffer as previously described. 5 The homogenate (about 20 mg protein each) was incubated at Melting temperature analysis evidenced no primer dimers or aspecific amplification products. Controls consisting of ddH 2 O or RT -RNAs were negative for targets and housekeeping.
Results
Placental NADPH-diaphorase staining, NOS activity and ecNOS expression and localization are comparable in NP and in preeclampsia
Intense diaphorase staining, which detects catalytic NOS activity irrespective of the enzyme isoform, 1 was evident in the chorionic villi of placentas from NP, mainly in the syncytiotrophoblast (Figure IA and B) . Staining was very faint in the decidua ( Figure IA) . The intensity and distribution of staining in villous tissue ( Figure IC ) and in the decidua (Table 2) were similar in NP and in preeclampsia. Since NADPHdiaphorase activity is not specific for NOS and enzyme involved in sex steroid metabolism are also diaphorase enzymes, NOS activity was also evaluated by In villous tissue ecNOS staining was intense throughout the syncytiotrophoblast in NP and in preeclamptic women ( Figure 1G and F). Moderate specific ecNOS staining was also found in villous vascular endothelium ( Figure 1G ). No significant differences in intensity and localization were seen in either villous tissue or decidua vessels from the placentas from NP and preeclampsia ( Figure 1F and Table 2 ). EcNOS was only slightly reduced in the endothelium of preeclamptic villous vessels, probably depending on the reduced number of viable cells. 
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